Objective. Systemic lupus erythematosus (SLE) is a systemic autoimmune syndrome associated with organ damage and an elevated risk of cardiovascular disease resulting from activation of both innate and adaptive immune pathways. Recently, increased activation of the inflammasome machinery in SLE has been described. Using the mouse model of pristane-induced lupus, we undertook this study to explore whether caspase 1, the central enzyme of the inflammasome, plays a role in the development of SLE and its associated vascular dysfunction.
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Objective. Systemic lupus erythematosus (SLE) is a systemic autoimmune syndrome associated with organ damage and an elevated risk of cardiovascular disease resulting from activation of both innate and adaptive immune pathways. Recently, increased activation of the inflammasome machinery in SLE has been described. Using the mouse model of pristane-induced lupus, we undertook this study to explore whether caspase 1, the central enzyme of the inflammasome, plays a role in the development of SLE and its associated vascular dysfunction.
Methods. Eight-week-old wild-type (WT) or caspase 1 -/-mice were injected intraperitoneally with phosphate buffered saline or pristane. Six months after injection, mice were euthanized, and the development of a lupus phenotype and vascular dysfunction was assessed.
Results. While WT mice exposed to pristane developed autoantibodies and a strong type I interferon response, mice lacking caspase 1 were significantly protected against these features as well as against pristane-induced vascular dysfunction. Further, the development of immune complex glomerulonephritis, which was prominent after pristane exposure in WT mice, was significantly abrogated in caspase 1 -/-mice. Conclusion. These results indicate that caspase 1 is an essential component in the development of lupus and its associated vascular dysfunction and that it may play an important role in the cross-talk between environmental exposures and autoimmunity development, thus identifying a novel pathway for therapeutic targeting.
Systemic lupus erythematosus (SLE) is a systemic autoimmune syndrome with severe clinical manifestations and enhanced mortality rates triggered by immune-mediated organ damage and a significant increase in cardiovascular (CV) risk due to premature atherosclerosis (1) . An important contributor to development of both SLE and its associated increased CV risk is the up-regulation of type I interferon (IFN) responses, which influence both innate and adaptive immune processes and promote vascular damage (2) (3) (4) .
Tetramethylpentadecane, commonly known as pristane, is a naturally occurring hydrocarbon oil that can induce chronic inflammation when introduced into the peritoneal cavity. Pristane injection is recognized as a robust model of lupus development, replicating numerous human manifestations, including autoantibody generation, arthritis, and severe glomerulonephritis (5) . Further, the inflammatory response to pristane results in a strong up-regulation of type I IFNs through Toll-like receptor 7 (TLR-7) and IFN regulatory factor 5 (IRF-5) activation, contributing to a lupus-like phenotype (5, 6) . Indeed, lack of the type I IFN receptor results in limited TLR-7 expression, decreased autoantibody synthesis, and hampered recruitment of inflammatory monocytes (Ly-6C high ) due to decreased synthesis of the chemokine CCL2/monocyte chemoattractant protein 1 (MCP-1) (7, 8) . Thus, this model replicates many phenotypic and functional abnormalities of human SLE and has proven very useful in identifying putative pathogenic mecha-nisms and environmental triggers in this disease in a type I IFN-dependent system.
The inflammasome is a multimolecular complex consisting of platform molecules, scaffolds, and caspase 1, the enzyme responsible for processing of interleukin-1␤ (IL-1␤) and IL-18 to their active forms (9) . Activation of the inflammasome results from detection of environmental danger signals, including intracellular bacteria and cholesterol crystals (9) . A role of the inflammasome in SLE pathogenesis and organ damage has been recently proposed. Activation of the NLRP3 inflammasome by neutrophil extracellular traps (NETs), chromatin structures released by neutrophils as a form of cell death termed "NETosis," and associated LL-37 is enhanced in lupus macrophages (10) . Further, immune complexes formed by lupus-associated autoantigens (double-stranded DNA [dsDNA] and RNP) and their respective autoantibodies can activate the inflammasome machinery in monocytes (11, 12) . Similar activation of the inflammasome was described following exposure to IFN␣ in endothelial progenitor cells (EPCs) in human and murine SLE (4) . Because these cells are considered key in promoting vascular repair following an insult to the endothelium, inflammasome activation in this system may promote the enhanced CV risk in patients with SLE (4). However, it remains unclear if the inflammasome or its components serve as crucial mediators of autoimmune responses and organ damage in vivo in SLE. Thus, we used the pristane-induced lupus model to examine whether the central enzyme of the inflammasome, caspase 1, was required for lupus development and severity.
MATERIALS AND METHODS
Mice. All animal protocols were reviewed and approved by the University of Michigan's committee on use and care of animals. Breeding pairs of caspase 1 -/-mice were initially obtained from Dr. R. A. Flavell (Yale University, New Haven, CT) and backcrossed onto the BALB/c background for at least 8 generations. Wild-type (WT) BALB/c and C57BL/6 mice were obtained from The Jackson Laboratory. Breeding pairs of caspase 1 -/-mice on a C57BL/6 background were obtained from Dr. Gabriel Nunez (University of Michigan, Ann Arbor, MI). Mice were bred at the University of Michigan. For lupus induction, 8-week-old mice were administered a single 0.5-ml intraperitoneal (IP) injection of phosphate buffered saline (PBS) (as a control) or pristane (Sigma-Aldrich) and were euthanized 6 months postinjection for the studies.
EPC quantification and assessment of differentiation. Bone marrow mononuclear cells were quantified by flow cytometry as previously described (2) . Briefly, EPCs were defined as CD34ϩCD309ϩ cells in the lineage-negative (CD19-, CD3-, and CD45-) gate. This number was then extrapolated to calculate the percentage of EPCs in the live cell gate and is presented as the total number of EPCs/10 6 isolated bone marrow cells. The following antibodies were used: biotin-conjugated anti-CD19 (eBioscience), biotinconjugated anti-CD3e (eBioscience), phycoerythrin (PE)-Cy5-conjugated anti-CD45 (BioLegend), fluorescein isothiocyanate (FITC)-conjugated anti-CD34 (eBioscience), allophycocyanin-conjugated anti-CD309 (eBioscience), and Pacific Blue-conjugated anti-annexin V (BioLegend). To detect anti-CD19 and anti-CD3e, a streptavidin-PE-Cy5-conjugated secondary antibody was used (BioLegend). Flow cytometry was performed using a CyAn ADP Analyzer (Beckman Coulter).
Assessment of the capacity of bone marrow-derived EPCs to differentiate into mature endothelial cells (ECs) was performed as previously described (4) . Briefly, bone marrow mononuclear cells were plated onto fibronectin-coated plates (Becton Dickinson) at a density of 1 ϫ 10 6 cells/cm 2 in EGM-2 BulletKit media (Lonza) supplemented with 5% heatinactivated fetal bovine serum. After 7 days in culture, live cells were incubated for 3 hours with FITC-conjugated Bandeiraea (Griffonia) simplicifolia lectin 1 (Vector) and Texas Redconjugated diacetylated low-density lipoprotein (Di-Ac-LDL; Biomedical Technologies). To assess EC morphology and expression of mature endothelial markers, cells were analyzed using fluorescence microscopy as described elsewhere (4) . A total of 3 random fields of view were acquired for every triplicate well; images were analyzed using the CellC program (https://sites. google.com/site/cellsoftware/download) to quantify mature ECs, which were considered those that costained with Bandeiraea (Griffonia) simplicifolia lectin 1 and Ac-LDL.
Assessment of endothelium-dependent vasorelaxation. Assessment of endothelium-dependent vasorelaxation was performed as previously reported (13) . Briefly, following euthanasia, thoracic aortas were excised and cleaned. The endothelium was left intact, and 2-mm aortic rings were mounted in a myograph system (Danish Myo Technology) and bathed with aerated (95% O 2 /5% CO 2 ) physiologic salt solution. Aortic rings were set at 700 mg of passive tension, equilibrated for 1 hour, with buffer change every 20 minutes. The vessels were contracted twice with physiologic salt solution containing 100 mM potassium chloride prior to performing contraction/ relaxation measurements. Cumulative concentrations of phenylephrine (10 -9 -10 -5 moles/liter) were added to the bath to establish a contraction concentration-response curve. A phenylephrine concentration corresponding to 80% of maximum was added, and contraction was allowed to reach a stable plateau. Endothelium-dependent relaxation was then assessed via graded addition of acetylcholine in a cumulative manner.
Characterization of autoantibodies and cytokine synthesis. Total serum IgG, anti-dsDNA, and anti-RNP antibody levels were quantified by enzyme-linked immunosorbent assay (ELISA) using commercially available kits (Alpha Diagnostic), following the manufacturer's protocols. Plasma cytokine and chemokine levels were quantified in undiluted plasma samples using a custom-designed Milliplex assay (EMD Millipore). IL-18 levels were measured via ELISA (eBioscience).
Proteinuria, renal histopathology, and immune complex deposition scoring. Urine samples were collected prior to euthanasia and were assessed for total protein with a Bradford assay (Bio-Rad), for microalbumin using an Albuwell kit (Exocell), and for creatinine using a Creatinine Companion kit (Exocell). Ratios of total protein to creatinine and microalbumin to creatinine were calculated to estimate 24-hour urinary protein excretion.
For glomerular immune complex deposition, frozen sections were quantified for C3 and IgG deposition as previously described (13) . Briefly, sections were stained with FITCconjugated anti-C3 (ICL) and Cy3-conjugated anti-mouse IgG (Sigma) for 1 hour at 4°C. DNA was visualized using Hoechst (Invitrogen). Immune complexes were scored in a blinded manner by 2 independent observers (JMK, JBH). A score on a scale of 0-3 was assigned for both C3 and IgG deposition based on intensity of signal, and scores were multiplied by 2 if the staining diffusely involved the glomeruli. Six glomeruli per mouse were scored, and the averaged score for each component (IgG and C3) was added to create the composite score.
To score glomerular inflammation, paraffin-embedded cortical sections were sectioned at 3 m thickness. Periodic acid-Schiff-stained sections were examined and graded by one of the authors (JBH) in a blinded manner following procedures previously described by us (13) . Briefly, a semiquantitative scoring system was used to assess 2 different parameters of activity (mesangial hypercellularity and endocapillary cellular infiltrate), as follows: 0 ϭ no involvement, 0.5 ϭ minimal involvement (Ͻ10% of a section), 1 ϭ mild involvement (10-30% of a section), 2 ϭ moderate involvement (31-60% of a section), and 3 ϭ severe involvement (Ͼ60% of a section). An activity index was generated by compiling these scores.
Real-time polymerase chain reaction (PCR). Total RNA was purified via TriPure (Roche) from 1 ϫ 10 6 peritoneal cells, half of a homogenized spleen, or 1 ϫ 10 6 bone marrow cells isolated on a Histopaque 1083 (Sigma) gradient. One microgram of RNA was transcribed into complementary DNA using oligo(dT) and Moloney murine leukemia virus (Invitrogen) using a MyCycler thermocycler (Bio-Rad).
The following transcripts and primers were used: for MCP-1, 5Ј-AGGTCCCTGTCATGCTTCTG-3Ј (forward) and 5Ј-GGATCATCTTGCTGGTGAAT-3Ј (reverse); for myxovirus (influenza virus) resistance protein 1, 5Ј-GATCCGACTT-CACTTCCAGATGG-3Ј (forward) and 5Ј-CATCTCAGTGG-TAGTCAACCC-3Ј (reverse); for IRF-7, 5Ј-TGCTGTTTGG-AGACTGGCTAT-3Ј (forward) and 5Ј-TCCAAGCTC-CCG-GCTAAGT-3Ј (reverse); for IFN␥-inducible protein 10, 5Ј-ATCATCCCTGCGAGCCTAT-3Ј (forward) and 5Ј-ATTCT-TGCTTCGGCAGTTAC-3Ј (reverse); for IFN-stimulated gene 15 (ubiquitin-like modifier), 5Ј-CAGAAGCAGACTCC-TTAATTC-3Ј (forward) and 5Ј-AGACCTCATATATGTTG-CTGTG-3Ј (reverse); for IFN␥, 5Ј-AGCGGCTGACTGAAC-TCAGATTGTA-3Ј (forward) and 5Ј-GTCACAGTTTTCAG-CTGTATAGGG-3Ј (reverse); for ␤-actin, 5Ј-TGGAATCCT-GTGGCATCCTGAAAC-3Ј (forward) and 5Ј-TAAAACGC-AGCTCAGTAACAGTCCG-3Ј (reverse); for IL-18, 5Ј-ACT-GTACAACCGCAGTAATACGC-3Ј (forward) and 5Ј-AGT-GAACATTACAGATTTATCCC-3Ј (reverse); for IL-1␤, 5Ј-CCCTGCAGCTGGAGAGTGTGGA-3Ј (forward) and 5Ј-CTGAGCGACCTGTCTTGGCCG-3Ј (reverse); for caspase 1, 5Ј-GACTGGGACCCTCAAGTTTT-3Ј (forward) and 5Ј-CCAGCAGCAACTTCATTTCT-3Ј (reverse); and for NLRP3, 5Ј-ATGCTGCTTCGACATCTCCT-3Ј (forward) and 5Ј-AACCAATGCGAGATCCTGAC-3Ј (reverse).
An ABI Prism 7900HT instrument (Applied Biosystems) was used for quantitative real-time PCR analysis. Samples were normalized to ␤-actin, and the fold change was expressed as pristane-treated compared to PBS-treated samples.
Characterization of peritoneal inflammatory infiltrate. Peritoneal cells were collected by lavage after euthanasia. Washed cells were incubated with fluorochrome-labeled antibodies (anti-CD11b, anti-F4/80, anti-CD11c, anti-CD4, anti-annexin V, and anti-CD317/PDCA [BioLegend], antiLy-6G, anti-Ly-6C, and anti-CD3e [BD Biosciences], and anti-CD8a [eBioscience]) and analyzed by flow cytometry. Neutrophils were defined as Ly-6Gϩ/CD11bϩ in the F4/80-gate, plasmacytoid dendritic cells (PDCs) as CD11cϩPDCAϩ in the live cell gate, myeloid DCs as CD11cϩPDCA-in the live cell gate, inflammatory monocytes as CD11bϩLy-6C high in the Ly-6G-gate, and T cells as CD3eϩCD4ϩ or CD3eϩCD8ϩ. The final data were expressed as the percentage of cells positive for the specific marker per 10 6 cells collected. Characterization of NETs. Bone marrow neutrophils were isolated via Percoll gradient based on a previously published protocol (14) . Cells (1.5 ϫ 10 5 ) were adhered onto poly-L-lysine-coated coverslips at 37°C and then treated overnight with 40 nM phorbol myristate acetate (PMA). Cells were washed and stained with murine anti-neutrophil elastase (Abcam) and Hoechst. NETs were visualized via fluorescence microscopy and counted as previously described by our group (15) . Total cell numbers were determined by the number of nuclei present per image, and numbers of NETs were determined by counting the number of elongated DNA structures costaining with murine anti-neutrophil elastase and Hoechst.
Statistical analysis. The D'Agostino and Pearson omnibus normality test was used to evaluate Gaussian distribution of the data. Analysis of statistical differences between the means of normally distributed data was evaluated by Student's unpaired t-test, and Welch's correction was added when variances were statistically significant as judged by an F test to compare variances. Non-normally distributed data were evaluated by a Mann-Whitney test. Linear regression analysis was used to correlate anti-dsDNA titers with renal inflammation, and composite histologic scoring was used to correlate IL-18 levels with renal inflammation.
RESULTS
Pristane exposure results in up-regulation of the inflammasome machinery. Elevated levels of IL-18 and caspase 1 associated with SLE have been described (4, 16, 17) , and IL-1␤ levels are known to be increased in pristane-injected mice (18) . In order to confirm these findings in the pristane-induced lupus model, real-time PCR was used to quantify transcripts from splenocytes isolated from BALB/c mice 6 months after IP pristane injection. As shown in Table 1 , pristane robustly induced inflammasome-associated transcripts, and a trend toward elevated IL-18 and IL-1␤ transcript levels was seen in the spleens of WT mice injected with pristane, but not in the spleens of caspase 1 -/-mice injected with 154 KAHLENBERG ET AL pristane. This suggests that the pristane-induced lupus model replicates the alterations of the inflammasome described in human SLE in a caspase 1-dependent manner and that it is a relevant model for studying the effects of caspase 1 on lupus pathogenesis. Inflammatory responses to pristane are intact in WT and caspase 1 -/-mice. As pristane-induced lupus depends on recruitment of inflammatory cells, particularly inflammatory monocytes (19, 20) , into the peritoneal cavity, we determined whether a lack of caspase 1 modified inflammatory cell recruitment following pristane exposure. As shown in Figure 1A , the inflammatory response following pristane injection was vigorous in both WT and caspase 1 -/-BALB/c mice. Further analysis showed no difference in PDC, myeloid DC, or inflammatory monocyte recruitment to the peritoneal cavity ( Figure 1B ). An enhanced recruitment of neutrophils was observed in caspase 1 -/-mice ( Figure 1B ). Further, no difference was noted between WT and caspase 1 -/-mice in the number or size of peritoneal lipogranulomas following pristane exposure (data not shown). These results indicate that lack of caspase 1 does not significantly alter the recruitment of inflammatory cells into the peritoneal cavity or change the formation of lipogranulomas, which are considered a nidus of chronic inflammatory mediators for disease development (5, 21) .
Absence of caspase 1 protects against the development of lupus autoantibodies. In order to determine whether lack of caspase 1 is protective in a lupus model, -/-BALB/c mice obtained 6 months after exposure to PBS or pristane were determined by enzyme-linked immunosorbent assay. Each symbol represents a single mouse. D, Plasma concentrations of interleukin-6 (IL-6) and IL-17 from mice described in C were quantified in undiluted samples using a custom-designed Milliplex assay. In C and D, there were 6 PBS-treated WT mice, 11 PBS-treated caspase 1 -/-mice, 13 pristane-treated WT mice, and 24 pristane-treated caspase 1 -/-mice. Bars show the mean Ϯ SEM. ‫ء‬ ϭ P Ͻ 0.05; ‫ءء‬ ϭ P Ͻ 0.01; ‫ءءء‬ ϭ P Ͻ 0.001. NS ϭ not significant; DC ϭ dendritic cell; anti-dsDNA ϭ anti-double-stranded DNA.
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we examined whether autoantibody production was altered 6 months after pristane exposure in caspase 1 -/-mice compared to WT mice. As shown in Figure 1C , pristane induced a substantial increase in anti-dsDNA and anti-RNP antibodies in WT BALB/c mice 6 months postinjection. In contrast, autoantibody production in caspase 1 -/-mice was significantly blunted. Hypergammaglobulinemia, manifested by a rise in total IgG following exposure to pristane, was also decreased in caspase 1 -/-mice. Furthermore, levels of circulating inflammatory cytokines, such as IL-6 and IL-17, were lower in PBS-and pristane-treated caspase 1 -/-mice, suggesting an overall reduced inflammatory phenotype ( Figure 1D ). Unlike studies involving IRF-5-knockout mice (22) , no differences in Th1 versus Th2 cytokine skewing were observed in WT mice compared to caspase 1 -/-mice following pristane exposure (Table 2) . Overall, these results suggest that lack of caspase 1 modifies B cell responses and levels of proinflammatory cytokines and leads to decreased autoantibody formation in response to pristane.
Absence of caspase 1 decreases type I IFN signatures in pristane-induced lupus. Induction of a type I IFN response has been reported to play an important role in the development and severity of human and murine lupus (3, 7, 23, 24) . In the pristane-induced model of lupus, type I IFN pathways are required for disease development, as mice lacking the type I IFN receptor, TLR-7, or IRF-5 do not develop a clinical phenotype (6, 7, 20, 25) . Type I IFN responses were examined in the spleens and bone marrow of WT and caspase 1 -/-mice 2 weeks and 6 months after exposure to pristane. As shown in Figure 2A , 2 weeks after exposure to pristane, there were no significant differences in type I IFN responses between WT and caspase 1 -/-mice. In contrast, splenocytes and bone marrow cells isolated 6 months after treatment from WT mice, but not from caspase 1 -/-mice, displayed significant up-regulation of type I IFN-regulated genes when compared to littermates exposed to PBS. This repression of IFN signatures was not secondary to alterations in signaling through TLR-7, as exposure to the TLR-7 ligand R848 resulted in similar up-regulation of type I IFN-regulated genes in WT and caspase 1 -/-mice ( Figure 2B ). Further, as an important role has been demonstrated for inflammatory monocytes in the initiation of type I IFN responses in the pristane-induced model of lupus (26), we examined whether differences in IFN signatures of these cells occurred in pristane-exposed WT and caspase 1 -/-mice. No significant differences were noted in the IFN signature of peritoneal inflammatory cells between WT and caspase 1 -/-mice 2 weeks after exposure to pristane (data not shown). These results indicate that lack of caspase 1 triggers repression of type I IFN signatures in pristane-treated mice.
The aberrant clearance of apoptotic debris in SLE may lead to autoantigen exposure and promotion of the type I IFN response and autoimmune pathways (27) . Ϫ/Ϫ mice. Values are the mean Ϯ SEM. MCP-1 ϭ monocyte chemoattractant protein 1; MIP-1␣ ϭ macrophage inflammatory protein 1␣; IP-10 ϭ interferon-␥-inducible protein 10; NS ϭ not significant; GM-CSF ϭ granulocyte-macrophage colony-stimulating factor; IFN␥ ϭ interferon-␥; IL-1␤ ϭ interleukin-1␤; TNF␣ ϭ tumor necrosis factor ␣.
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Pristane exposure induces various forms of cell death, including NETosis in neutrophils and apoptosis in various inflammatory cells in the peritoneal cavity (18) . Therefore, we examined whether the absence of caspase 1 modified cell death responses 2 weeks following pristane injection. We were unable to detect spontaneous NET formation in neutrophils isolated directly from the peritoneum after pristane exposure. In contrast, robust NET formation was observed following PMA stimulation of bone marrow-derived neutrophils from WT and caspase 1 -/-mice, suggesting that caspase 1 does not influence the NET response ( Figure 2C) .
In order to evaluate the role of caspase 1 in pristane-induced apoptosis and pyroptosis (inflammatory cell death), we used annexin V staining of peritoneal inflammatory cells isolated 2 weeks after pristane exposure. We detected a significant decrease in annexin V staining, which recognizes both apoptotic and pyroptotic cells (28) , in peritoneal cells isolated from caspase 1 -/-mice when compared to WT mice ( Figure 2D ). This suggests that cell death following pristane exposure is abrogated in caspase 1 -/-mice. As aberrant cell death is considered an important phenomenon in modified autoantigen externalization, the formation of immune complexes, and the development of enhanced type I IFN responses (27) , our observations suggest that caspase 1 may play an important role in regulating type I IFN synthesis by modulating cell death pathways.
Absence of caspase 1 decreases markers of CV risk. The inflammasome has been implicated in inflammatory responses in atherosclerotic plaques (29) , and lack of caspase 1 modulates severity of atheroma in murine models (30) . We previously demonstrated that in vitro inhibition of caspase 1 improves the differentiation of human lupus EPCs into mature ECs, a phenomenon that may be important in preventing vascular damage in this disease (4, 31, 32) . Thus, we examined whether lack of caspase 1 modified CV parameters in the pristaneinduced model of lupus. Mice in both the BALB/c and C57BL/6 backgrounds were studied, as lupus models of various backgrounds display endothelial dysfunction to varying degrees (33) .
Neither exposure to pristane nor absence of caspase 1 altered the number of bone marrow EPCs, as assessed by flow cytometry ( Figure 3A) . However, absence of caspase 1 significantly abrogated the inhibitory effects on EPC differentiation induced by pristane (Figures 3B and C) . These observations confirm previous in vitro findings in human samples and indicate that caspase 1 is operational in vivo with regard to lupusmediated EPC dysfunction. Previously, investigators in our group also showed that other murine models of lupus display impaired endothelium-dependent vasorelaxation, a phenomenon associated with progression to atherosclerosis in human systems (33) . In pristanetreated C57BL/6 mice, but not in pristane-treated BALB/c mice, a similar decrease in endotheliumdependent vasorelaxation was observed following expo- BALB/c mice. ‫ء‬ ϭ P Ͻ 0.05; ‫ءءء‬ ϭ P Ͻ 0.001. In A and B, 5 WT C57BL/6 mice were injected with PBS and 8 were injected with pristane, 10 caspase 1 -/-C57BL/6 mice were injected with PBS and 14 were injected with pristane, 7 WT BALB/c mice were injected with PBS and 14 were injected with pristane, and 11 caspase 1 -/-BALB/c mice were injected with PBS and 24 were injected with pristane. C, Shown are representative photomicrographs of the EC cultures from BALB/c mice depicted in B. Bars ϭ 20 m. D, Endothelium-dependent vasorelaxation of aortic rings was quantified following exposure of 80% contracted aortic rings to graded concentrations of acetylcholine (ACh). ‫ء‬ ϭ P Ͻ 0.05; ‫ءء‬ ϭ P Ͻ 0.01; ‫ءءء‬ ϭ P Ͻ 0.001 versus WT mice. Bars show the mean Ϯ SEM. Phase ϭ phase contrast; Ac-LDL ϭ acetylated low-density lipoprotein; EC 80 ϭ effective concentration of phenylephrine for 80% maximal contraction (see Figure 1 for other definitions).
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KAHLENBERG ET AL sure to pristane. However, following exposure to PBS or pristane, both BALB/c and C57BL/6 caspase 1 -/-mice displayed significant increases in endotheliumdependent vasorelaxation when compared to WT mice ( Figure 3D ). These results indicate that caspase 1 modulates the vasodilatory capacity of the endothelium, independent of lupus phenotype or mouse strain.
Caspase 1 is required for the development of immune complex glomerulonephritis in pristaneinduced lupus. As expected, pristane exposure resulted in prominent immune complex deposition in the glomeruli of WT BALB/c mice. In contrast, caspase 1 -/-mice had significant decreases in glomerular immune complex deposition ( Figures 4A and B) . Furthermore, lack of caspase 1 protected BALB/c mice exposed to pristane from glomerular inflammation (Figures 4C and D) .
Decreases in immune complex deposition and renal inflammation in caspase 1 -/-mice correlated significantly with decreases in titers of anti-dsDNA, anti-RNP, and total IgG (not shown). While WT BALB/c mice showed a trend toward increased albuminuria following pristane exposure, caspase 1 -/-mice did not have similar increases after pristane exposure ( Figure 4E ). Similar patterns were found when examining total protein-tocreatinine ratios (not shown). Further, WT mice exposed to pristane, but not caspase 1 -/-mice exposed to pristane, showed a trend toward increased serum IL-18 levels, and the serum concentration of IL-18 correlated significantly with the severity of nephritis in WT mice exposed to pristane (Figures 4F and G) . These results indicate that glomerular immune complex deposition and renal inflammation are hampered in the absence of caspase 1 and that activation of IL-18 by caspase 1 may be an important step in nephritis induction in this model.
DISCUSSION
The development of lupus is considered to be the result of an aberrant interplay between innate and adaptive immune responses. Recently, it has been proposed that the inflammasome machinery is dysregulated in lupus systems secondary to type I IFN, aberrant cell death, and autoantibody-mediated effects (4, (10) (11) (12) 34) . The results presented here identify novel roles for caspase 1, the central enzyme of the inflammasome, in the pristane-induced model of lupus. Indeed, the absence of caspase 1 abrogated known hallmarks of murine and human SLE, including autoantibody development, type I IFN signatures, and renal inflammation.
There are several likely mechanisms by which caspase 1 modulates lupus development. Serum levels of IL-18 are elevated in SLE patients and have been correlated with disease severity and lupus nephritis (17, 35, 36) , and in the MRL-Fas lpr lupus model, a role has been proposed for IL-18 in nephritis and skin disease (37) . IL-18 regulates IFN␥ production (38) , and this may further modulate SLE development as IFN␥ is required for disease pathology (39) . Up-regulation of IL-1␤ and IL-18 transcripts in response to pristane was not observed in caspase 1 -/-mice, suggesting that pristane may require caspase 1-dependent pathways to induce these cytokines. Additionally, the severity of nephritis correlated significantly with serum levels of IL-18 in these mice, suggesting that caspase 1 activation of IL-18 may play a pathogenic role in nephritis induction.
Despite the profound effect on lupus development, lack of caspase 1 did not affect peritoneal inflammatory responses to pristane. Indeed, enhanced neutrophil recruitment was observed in the peritoneal cavity of pristane-treated caspase 1 -/-mice. Previously, the recruitment of neutrophils following pristane exposure was shown to be dependent on IL-1␣-mediated upregulation of CXCL5 (40) . This cytokine is secreted in a caspase 1-dependent manner and expressed on the cell surface in a caspase 1-independent manner. Cell surface IL-1␣ is increased following inhibition of caspase 1 (41); thus, the paradoxical increase in neutrophils seen in caspase 1 -/-mice may be secondary to increased expression of surface IL-1␣. Additionally, increased surface IL-1␣ in the absence of caspase 1 may explain the enhanced basal CXCL5 expression seen in caspase 1 -/-mice.
The induction of accelerated cell death and aberrant uptake of apoptotic debris has been postulated as a mechanism for lupus induction (27) . Thus, lack of caspase 1 may be protective against inflammatory responses initiated by apoptotic debris. Furthermore, in addition to its role as activator of IL-1␤ and IL-18, caspase 1 is also required for induction of inflammatory cell death, which is also known as pyroptosis. While traditionally activated by intracellular bacterial infection, caspase 1-dependent cell death may also be a relevant physiologic cell death pathway (for review, see ref. 42 ). Importantly, the phagocytosis of pyroptotic debris may occur through similar "eat me" signals employed by apoptotic cells (28) . We hypothesize that aberrant clearance of pyroptotic debris may also contribute to SLE pathogenesis. Our data show decreased annexin V staining of inflammatory cells following pristane exposure in caspase 1 -/-mice, and annexin V staining detects both apoptotic and pyroptotic debris (28) . As such, down-regulation of inflammatory cell death following pristane exposure may decrease autoantigen externalization, limit aberrant autoantibody formation, and decrease type I IFN synthesis. Future studies should further test this hypothesis.
Caspase 1 -/-mice exposed to pristane lack significant autoantibody development. Because autoreactive B cells are activated by RNP autoantigens (43) , the abrogation of cell death pathways in caspase 1 -/-mice likely decreases B cell activation. Further, the profound lack of chronic type I IFN up-regulation in caspase 1 -/-mice may have negative effects on B cells, as type I IFN production is an important mediator of B cell activation and class switching (44) . Decreased IL-6 production in caspase 1 -/-mice may also contribute to lower autoantibody titers, given that this cytokine has been reported to synergize with type I IFN responses to induce maturation of B cells into highly functional IgG-secreting plasma cells (45) , as well as to promote many other proinflammatory responses.
The role of caspase 1 may relate not only to autoantibody development in response to pristane but also to downstream responses to immune complexes. Recently, activation of the inflammasome via U1 small nuclear RNP-anti-RNP complexes through TLR-7 stimulation was described in human monocytes (11) , and similar responses occur in response to dsDNA-antidsDNA antibody complexes (12) . Further, caspase 1 activation is enhanced in SLE macrophages in response to NETs (10) . The associated cytokine generation further enhances inflammatory responses and NET forma-tion, which can result in circulating immune complexes capable of stimulating PDC activation and type I IFN production (46) . Thus, caspase 1 likely plays important roles in both autoantibody generation and inflammatory responses downstream of immune complexes.
With regard to the role of caspase 1 in SLEassociated CV disease, lack of caspase 1 improved EPC differentiation in the pristane-induced model of lupus. This supports our previous observations that inhibition of caspase 1 provides a vasculoprotective effect in human SLE (4) . Others have demonstrated similar effects on atherosclerosis development in apolipoprotein E-null mice (30) .
Endothelium-dependent vasorelaxation was increased in the absence of caspase 1, independently of mouse strain or lupus phenotype. The mechanisms behind this enhanced relaxation in caspase 1 -/-mice may be secondary to a combination of decreased endothelial damage and enhanced vascular repair. The inflammasome plays a role in response to cholesterol crystals and generation of inflammatory responses in plaque (29) . Without active caspase 1, the negative effects of vascular inflammation on the endothelium are likely dampened. Further, type I IFNs and IL-18 have negative effects on vascular repair (2, 4, 47) . As caspase 1 -/-mice have repressed type I IFN responses and do not activate IL-18, this may lead to improved EPC differentiation and endothelial function. Additional studies are nevertheless required to further define how caspase 1 inhibition improves vascular function in murine and human systems (47) (48) (49) .
This study has some limitations. The experimental design addresses the role of caspase 1 in pristaneinduced lupus, but it does not provide information on specific activation of the inflammasome in this model. Additionally, recent observations on the caspase 1 -/-mouse have revealed that it contains a nonfunctional caspase 11 gene (50). While not required for classic inflammasome activation, caspase 11 may be important for pathogen-induced inflammasome assembly and in mediating pyroptosis in response to infection (50) . Further experiments should be performed to address the role of caspase 11 specifically in the pristane-induced model of lupus.
In summary, we have demonstrated a role of caspase 1 in the development of murine lupus as its absence is characterized by significant down-modulation of autoantibody synthesis, type I IFN responses, glomerulonephritis, and vascular dysfunction. These results indicate the need to further explore the inflammasome as a putative therapeutic target in this disease.
